Using plasma-enhanced chemical-vapor deposition with a gas mixture of CO and NH 3 , carbon nanotubes ͑CNTs͒ were vertically grown on a glass substrate with various catalyst metals and buffer layers. The effects of catalyst metals and buffer layers on the growth and emission characteristics of CNTs have been investigated. The difference in the field-emission characteristics between CNTs with various catalyst metals and buffer layers was mainly attributed to the crystallinity of CNTs, i.e., sp 2 -binding states of CNTs. These states could be the most effective electron-emission sites.
I. INTRODUCTION
Because carbon nanotubes ͑CNTs͒ can serve as the ideal electron emitter for various efficient and inexpensive fieldemission devices in vacuum microelectronics and flat-panel displays, the recent discovery of the electron emission from carbon nanotubes has triggered a considerable research effort. [1] [2] [3] [4] [5] [6] [7] Many catalysts, typically transition-metal nanoparticles and films, have been employed for the synthesis of CNTs. For field-emission applications, CNTs must be grown on an electrically conductive buffer layer. This layer serves as the electrode that continuously supplies electrons to the CNTs. There is some research on the field-emission properties of CNTs using diverse catalysts [8] [9] [10] [11] [12] [13] [14] [15] and conductive substrates. 16 -22 Recently, Hirakawa et al. reported that the field-emission properties of CNTs were dependent on the catalyst metals. These researchers found that the key reasons for the difference in field-emission properties between CNTs with different catalyst metals was the differences in macroscopic morphologies of CNTs. These differences include the alignment, length, and different metal caps at the tip of the CNTs. 16 Rao et al. studied the electrically conducting substrate onto which the CNTs are attached and found that this substrate may deeply affect the field-emission characteristics of CNTs. 17 However, these researchers did not report the detailed relationship between the morphology, crystallinity, substrate, and the field-emission properties of the CNTs. Recently, our group successfully achieved the growth of CNTs with an Fe catalyst using mixed gases of CO and NH 3 . 18 Here, we present the systematic study on the fieldemission characteristics of CNTs with various catalyst and buffer layers to identify the relationship among the factors mentioned earlier.
II. EXPERIMENTS
In this work, the growth of vertically aligned CNTs was carried out on various catalyst metals, such as Fe-, Ni-, and Invar426-͑Fe: 52%, Ni: 42%, and Co: 6%͒, coated glass substrates with different buffer layers, such as Cr, Ti, and Cr/Ti. The CNTs' growth was performed below 550°C by plasma-enhanced chemical-vapor deposition ͑PECVD͒. A CO gas was used as a carbon source. A NH 3 gas was used as a catalyst and a dilution gas. A dc plasma was used to grow vertically aligned CNTs. The buffer layer ͑Cr: 1700 Å; Ti: 100 Å͒ and the catalyst layer of 300 Å were deposited on the glass substrate by electron-beam evaporation. To preclean the substrate prior to deposition, trichloroethylene, acetone, and methanol cleanings were performed for 10 min each, in sequence. Next, the substrate was rinsed in deionized water. The substrate was transferred to the reaction chamber, which was pumped to a base pressure below 2ϫ10 Ϫ5 Torr, using both rotary and diffusion pump. Subsequently, NH 3 was introduced into the chamber. After a working pressure of 3 Torr was stabilized, an infrared ͑IR͒ lamp was turned on and adjusted to 550°C, and then the dc power supply was turned on at this point. The pretreatment of the catalytic layer for surface etching was conducted by the NH 3 plasma for 5 min. CO was introduced into the chamber to cause the growth of CNTs. The growth time was 20 min. During the CNTs' growth, a pressure was maintained at 3-4 Torr.
For the analysis of the surface morphology and the cross section of the CNTs, field-emission scanning-electron microscopy ͑FESEM͒ was used. X-ray energy-dispersive spectroscopy ͑EDS͒ was employed for the composition analysis of the CNTs. Raman spectroscopy was examined to reveal the crystallinity and binding state of the CNTs. The emission characteristics of CNTs were measured in a vacuum chamber with a parallel diode-type configuration at 5ϫ10 Ϫ7 mbar. 
III. RESULTS AND DISCUSSION
As shown in Fig. 1 , the CNTs were vertically grown on the glass substrate using various catalyst metals, revealing different morphologies of CNTs. As addressed in the experiments section of this article, the CO/NH 3 flow-rate ratio in all samples was 18, except for the Ni catalyst, where the CO/ NH 3 ratio was 6. The average diameter and the length of the CNTs grown with the Fe catalyst were about 37 and 530 nm, respectively ͓Fig. 1͑a͔͒. The diameter of CNTs with the Invar426 ͑Fe: 52%, Ni: 42%, and Co: 6%͒ catalyst was nearly the same as that of CNTs with the Fe catalyst. However, the length of the CNTs was slightly longer ͑ϳ650 nm͒ than that of CNTs with Fe ͓Fig. 1͑b͔͒. In case of the Ni catalyst, the diameter and the length of the CNTs were rather larger ͑ϳ46 nm͒ and shorter ͑ϳ350 nm͒, respectively, than that of CNTs with Fe. CNTs with the Ni catalyst showed a large distribution in size and poor density ͓Fig. 1͑c͔͒, compared to the size distribution and density of CNTs with Fe and Invar426 catalysts. The aspect ratios, i.e., the ratio of length to diameter, of CNTs were about 12, 18, and 8 using Fe, Invar426, and Ni catalysts, respectively. These values are rather low as compared to those values from others groups. [19] [20] [21] These low values are due to the relatively low growth temperature ͑about 550°C͒ and the growth condition not being optimized especially for Ni and Invar426 catalysts in the PECVD system when using mixed CO and NH 3 gases. Figure 2͑a͒ shows the emission current as a function of applied voltages for CNTs with different metal catalysts. The distance between the phosphor-coated indium tin oxide ͑ITO͒ anode and the sample was 120 m. The base pressure of the chamber was maintained at 5ϫ10 Ϫ7 mbar during the emission test. The measurement for electron-emission density was estimated from the open-window area of aluminum oxide spacer, which was 0.7 cmϫ0.7 cm. The turn-on elec- tric field, E to , was defined as the electric field at 1 A/cm 2 of the current density. As shown in Fig. 2͑a͒ , the E to of samples with Fe, Invar426, and Ni catalysts was 6.4, 6.8, and 4.8 V/m, respectively. These values are much larger than those in our previous results in which we used C 2 H 2 as the carbon source under different growth conditions such as growth by reaction gas composition and flow rate. 23 We note that in case of the Fe catalyst, current saturation effects appeared at around 2.8 V/m and the rate of increase in the emission current fell quickly. Thus, the E to of CNTs with the Fe catalyst was similar to that of CNTs with the Invar426 catalyst, although emission current from CNTs with the Fe catalyst in the low-field region ͑Ͻ2.8 V/m͒ was seen to increase most rapidly. The aspect ratios of CNTs with Fe and Invar426 catalysts were 12 and 18, respectively. It has been generally noted that when an external-electric field is applied, as the shape of the electron emitters become sharper ͑i.e., the higher aspect ratio͒, the electrical field imposed on them is more concentrated and thus E to is lowered. However, in this case, the sharpness did not simply contribute to the decrease in E to . The lowest E to value from CNTs with the Ni catalyst may not attribute to the aspect ratio of 8, but instead to a relatively lower density that reduces the screening effect in the electron emission. Figure 2͑b͒ shows the FowlerNordheim ͑FN͒ plot. According to the FN model, the emission current can be expressed by
, and is the work function. 24 The local electric field, E l , can be related to the field enhancement ͑␤͒ and macroscopic field (E m ) by E l ϭ␤E m . If the work function of the emitter is known, the field-enhancement factor can be calculated from the slope of the FN plot ͓ln(I/V 2 ) vs 1/V͔. The slope S of the FN plot is equal to SϭϪB 3/2 d/␤, where d is the interelectrode distance ͑the thickness of a spacer͒. As shown in Fig.  2͑b͒ , the FN plots for CNTs with different catalyst metals exhibit distinct appearances in the slope S. The corresponding field-enhancement factors ͑␤͒ for Invar426 and Ni were determined to be 800 and 930 cm Ϫ1 , respectively. In case of the Fe catalyst, however, two distinct values of ␤ can be derived from the slope S. One value in the low field region (S Fe-Low ) was 3420 cm Ϫ1 , and the other value in the high field region (S Fe-High ) was 4410 cm Ϫ1 . This corresponds to the curve of the Fe catalyst where the emission-current saturation appeared, as shown in Fig. 2͑a͒ . The values of ␤ in CNTs with the Fe catalyst were the largest compared to those with the other catalysts. However, E to was sufficiently large, which may be due to the emission-current saturation.
In order to study the crystallinity and binding of CNTs with various catalysts and buffer layers, Raman spectroscopy using an Ar ion laser with an excitation wavelength of 514.5 nm and lasing power of 5 mW was employed. Figures 3͑a͒,  3͑b͒ , and 3͑c͒ show the corresponding Raman spectra of CNTs with Ni, Invar426, and Fe catalysts. These spectra displayed two dominant peaks. One peak occurs around 1589 cm Ϫ1 and the other peak around 1358 cm Ϫ1 . The first peak corresponds to the E 2g longitudinal-optic ͑LO͒ component of the G mode in graphite at 1582 cm Ϫ1 . The second peak at around 1358 cm Ϫ1 ͑D line͒ was attributed to disorders such as Ni tips, bending of the CNTs, or the presence of amorphous carbon. The high density of disorders in CNTs was due to the low-temperature PECVD process in our system. Three peaks in ͑a͒, ͑b͒, and ͑c͒ in Fig. 3 exhibit different appearances. The absolute value of peak intensity ͑i.e., count per second in the same experimental condition͒ of around 1589 cm Ϫ1 ͑G line͒ of CNTs with the Fe ͑ϳ1510͒ catalyst was higher than that of CNTs with Invar426 ͑ϳ1210͒ and Ni ͑ϳ930͒ catalysts. This implies that CNTs with the Fe catalyst have more graphitized structure than CNTs with Invar426 and Ni catalysts. The peaks' relative intensity ratio of G peak /D peak ͑at about 1.1 to 1.2͒ was nearly the same in all samples. The good crystallinity of nanotubes grown with the Fe catalyst, as well as the high ␤, would dominantly affect the electron emission from CNTs. This could occur because the localized sp 2 graphite configuration in this highly ordered structure may play a key role as the most effective electron-emission sites. [25] [26] [27] CNTs were also vertically grown on the Fe-coated glass with different buffer layers such as Cr ͑1700 Å of thickness͒ and/or Ti ͑100 Å of thickness͒. Buffer layers were used to improve the adhesion between the catalyst metal and the glass substrate. We note that irrespective of a buffer layer, CNTs grown on the same Fe catalyst exhibit a similar appearance in their diameter and distribution. The estimated aspect ratios for CNTs with Cr, Ti/Cr, and Ti buffer layer were 12, 10, and 15, respectively, which was derived from Fig. 4 . Interestingly, in all the samples the distances between the tip of the CNTs and the bottom of the buffer layer show a similar depth of about 930 nm. In the interface between CNTs and buffer layers shown in Figs. 4͑a͒ and 4͑b͒ , deposits were observed. These deposits were especially conspicuous in CNTs with the Ti/Cr buffer layer ͓Fig. 4͑b͔͒. To analyze the composition of this deposit, we used EDS. Deposits ͑ϳ330 nm in thickness͒ in CNTs with the Cr/Ti buffer layer ͓as pointed out by the arrow shown in Fig. 4͑b͔͒ were composed mainly of carbon. Other deposits may come from the
glass (SiO x ) substrate, catalyst, and buffer layer, as shown in Fig. 4͑d͒ . This result shows that deposits may be mostly carbonaceous aggregates. For comparison, the EDS measurement was taken for CNTs with Ti buffer layer, as indicated by the arrow shown in Fig. 4͑c͒ . As shown in Fig. 4͑e͒ , the relative quantity of carbon was significantly reduced. Therefore, it is proposed that CNTs with the Ti buffer layer were grown directly on the substrate without the formation of carbonaceous deposits. Carbonaceous deposits may be conductive so that they could help the electron transport of CNTs film in the field emission. Figure 5͑a͒ indicates the electron-emission characteristics of CNTs with various buffer layers. The E to of CNTs with Ti/Cr buffer layer showed the lowest value, 3.3 V/m. The E to of CNTs with the Cr and Ti buffer layers had the same value, which was 6.4 V/m. Although the aspect ratio ͑i.e., the ratio of length to diameter͒ of CNTs with the Ti/Cr buffer layer was the lowest, with a value of 10 ͑Fig. 4͒, compared with the CNTs with other buffer layers ͑for Cr buffer layer: 12, and Ti: 15͒, the E to of CNTs had the lowest value, 3.3 V/m. To investigate the electron-emission characteristics of CNTs with different buffer layers, a FN plot was also applied. Figure 5͑b͒ shows the corresponding FN plot, which revealed obvious differences in slopes, S. From each S in FN plot in Fig. 5͑b͒ , the field-enhancement factors ͑␤͒ for CNTs with the Ti and Cr/Ti buffer layers were determined to be 940 and 12 500 cm Ϫ1 , respectively. For the case of CNTs with the Cr buffer layer ͑marked by open squares͒, there are two slopes, resulting in two values of ␤ ͑3420 cm Ϫ1 in the low field region and 4410 cm Ϫ1 in the high field region, respectively͒. Because the emission current saturated rapidly at around 2.8 V/m as shown in Fig. 5͑a͒ , the E to of CNTs with the Cr buffer layer had the same value as that of CNTs with the Ti buffer layer.
To further study the cause of the differences in the electron-emission properties of CNTs with various buffer layers, we used Raman spectroscopy to analyze the CNTs. From Figs. 3͑c͒, 3͑d͒, and 3͑e͒ , the G peak /D peak ratio and the full width at half maximum ͑FWHM͒ in the G peak were obtained. The absolute values of peak intensity ͑i.e., count per second͒ at around 1589 cm Ϫ1 ͑G line͒ of CNTs with the Cr, Ti, and Cr/Ti buffer layers were almost similar with each other in the error range ͑ϳ5%͒, being at 1509, 1438, and 1481, respectively. This indicates that there is no big difference in binding state among CNTs with different buffer layers.
To study the effect of a buffer-layer resistance on field emissions, we evaluated the resistance from CNTs with various buffer layers. The resistance, R, is given by R ϭ(l/A), where is the resistivity, l is the length, and A is the cross-sectional area where current flows. Because the open area in the phosphor-coated ITO anode was 0.7 cm ϫ0.7 cm, we took l as the length in one side of the open window, 0.7 cm. Because the thickness of the catalyst metal ͑Fe in this case͒ was equal in all samples ͑at 300 Å͒, we took A as the product of 0.7 cm and the thickness of the buffer layer. Because the resistivity of Cr and Ti is 12.7ϫ10 Ϫ8 and 40ϫ10 Ϫ8 ⍀ m, respectively, the resistance ratio of Cr to the Ti buffer layer is 0.75/40. For the Cr/Ti buffer layer, the resistance was expected to be close to that of the Cr buffer layer. This expectation existed because the Cr buffer layer is much thicker than Ti. This result is quite different from the recent study by Cao et al., where a large improvement in the electron emission from CNTs was obtained by using the Au buffer layer to reduce the resistance of the buffer layer. 22 However, as well as the resistance of the buffer layer, the thick carboneous deposit in CNTs with the Cr/Ti buffer layer should be noted. Considering the thickness of this deposit, the effective resistance of the buffer layer of the CNTs with the Cr/Ti layer was expected to be lower than any other CNTs with different buffer layers. This resistance may contribute to the lower E to of CNTs with the Cr/Ti buffer layer.
IV. CONCLUSION
Using PECVD method with mixed gases of CO and NH 3 , CNTs were vertically grown on a glass substrate with various catalyst metals and buffer layers. The effect of catalyst metals and buffer layers on the growth and emission characteristics of CNTs was investigated. The difference in the emission characteristics of CNTs with various catalyst metals was mainly attributed to the field-enhancement factor and/or the crystallinity of CNTs, i.e., sp 2 -binding states of CNTs. These states could be the most effective electron-emission sites. It was revealed that the substrate resistance of the buffer layer had an effect on the electron-emission characteristics of the CNTs ͑see, also, Ref. 2͒.
